Resonant energy transfers, i.e. the non-radiative redistribution of an electronic excitation between two particles coupled by the dipole-dipole interaction, lie at the heart of a variety of chemical and biological phenomena 1 , most notably photosynthesis. In 1948, Förster established the theoretical basis of fluorescence resonant energy transfer (FRET) 2 , paving the ground towards the widespread use of FRET as a "spectroscopic ruler" for the determination of nanometer-scale distances in biomolecules 3 . The underlying mechanism is a coherent dipole-dipole coupling between particles, as already recognized in the early days of quantum mechanics 4 , but this coherence was not directly observed so far. Here, we study, both spectroscopically and in the time domain, the coherent, dipolar-induced exchange of electronic excitations between two single Rydberg atoms separated by a controlled distance as large as 15 µm, and brought into resonance by applying a small electric field. The coherent oscillation of the system between two degenerate pair states occurs at a frequency that scales as the inverse third power of the distance, the hallmark of dipole-dipole interactions 5 .
Resonant energy transfers, i.e. the non-radiative redistribution of an electronic excitation between two particles coupled by the dipole-dipole interaction, lie at the heart of a variety of chemical and biological phenomena 1 , most notably photosynthesis. In 1948, Förster established the theoretical basis of fluorescence resonant energy transfer (FRET) 2 , paving the ground towards the widespread use of FRET as a "spectroscopic ruler" for the determination of nanometer-scale distances in biomolecules 3 . The underlying mechanism is a coherent dipole-dipole coupling between particles, as already recognized in the early days of quantum mechanics 4 , but this coherence was not directly observed so far. Here, we study, both spectroscopically and in the time domain, the coherent, dipolar-induced exchange of electronic excitations between two single Rydberg atoms separated by a controlled distance as large as 15 µm, and brought into resonance by applying a small electric field. The coherent oscillation of the system between two degenerate pair states occurs at a frequency that scales as the inverse third power of the distance, the hallmark of dipole-dipole interactions 5 .
Our results not only demonstrate, at the most fundamental level of two atoms, the basic mechanism underlying FRET, but also open exciting prospects for active tuning of strong, coherent interactions in quantum many-body systems.
The possibility to tune at will coherent interactions in many-body systems by changing an external parameter is one of the key tools enabling quantum simulation. For instance, in ultracold quantum gases, such tuning can be achieved by magnetically-induced Feshbach resonances 6, 7 . Rydberg atoms are another promising platform for the quantum simulation of complex many-body problems, due to the strong interactions associated with their large principal quantum numbers 8 . They have proved to be an efficient tool for the characterization of non-radiative exchange of energy in resonant collisional processes 9 , the study of collective effects 10 and the engineering of quantum states of matter 11 . The observation of the Rydberg blockade effect between individual atoms 12, 13 , where the strong interaction between Rydberg states inhibits multiple excitations within a blockade sphere, opens the way towards the development of Rydberg quantum simulators 14 . An appealing tool for all those applications is the possibility to tune the strength of the interactions by applying external electric fields using Förster resonances [15] [16] [17] [18] [19] [20] [21] [22] . So far, due to inhomogeneities in the atomic ensembles used in experiments, only indirect evidence for the coherent character of the interaction could be obtained 23, 24 . Here, we study a system of two single atoms at a Förster resonance. We first perform a spectroscopic measurement of the energies of the two-atom states as a function of the applied electric field, and observe directly the avoided crossing between pair states induced by the dipole-dipole interaction. The splitting at resonance is observed to scale as 1/R 3 as a function of the distance R between the atoms. In a second experiment, we prepare the system in a given pair state away from resonance, and switch to resonance for a controlled time, revealing the coherent oscillation between the two degenerate pair states induced by the dipole interaction. These results open the way to real-time tuning of interactions for quantum simulation with Rydberg atoms 11, 14 . Two atoms located at positions R 1 and R 2 interact through the dipole-dipole interaction described by the hamiltonian
whereμ i is the electric dipole moment of atom i (i = 1, 2), R = R 2 − R 1 , and n = R/R. When the two atoms are prepared in the same state,V dip has no effect to first order as the average value of the dipole moment vanishes in an atomic eigenstate. Second-order perturbation theory gives rise to an energy shift of the atom pair, which results in the van der Waals interaction 25 U vdW ∝ R −6 . However, resonance effects between two Rydberg atoms can occur when two pair states are energetically degenerate 5 , and in this case the dipolar interaction manifests itself at first order. Such a resonance, called a Förster resonance in analogy with the FRET mechanism at work in photochemistry, can be achieved using small electric fields to Stark-tune the energy of the pair states.
In this work, we use the states |p = |61P 1/2 , m J = 1/2 , |d = |59D 3/2 , m J = 3/2 and |f = |57F 5/2 , m J = 5/2 of 87 Rb atoms. The pair states |dd , |pf and |f p are almost degenerate (see Fig. 1a ): their Förster defect ∆ 0 = (E pf − E dd )/h, in the absence of an electric field, is only 8.5 MHz (h is Planck's constant). Using the differential Stark effect between |dd and |pf , they can be brought to exact resonance by applying an electric field F res 32 mV/cm (see Fig. 1b ) 30 . At resonance, the eigenstates of the interacting system are |± = (|dd ± | pf )/ √ 2, where | pf = (|pf + |f p )/ √ 2. If the system is initially prepared in |dd , it will thus oscillate between the two degenerate electronic configurations with a frequency given by the dipolar coupling 2 √ 2C 3 /R 3 (where C 3 √ 2/R 3 = dd|V dip | pf ). In particular, after half a period of interaction, the system has evolved to the entangled state | pf .
Our experimental setup has been described previously 25, 26 . We trap two single laser-cooled atoms in optical tweezers separated by a controlled distance R of a few microns (see Fig.  1c ). A set of eight independent electrodes allows us to apply a controlled electric field F aligned with the internuclear axis 27 . We couple the ground state |g = |5S 1/2 , F = 2, m F = 2 to the Rydberg state |d using a two-photon transition with effective Rabi frequency Ω. The readout of the states of the atoms is ensured by shining resonant light at 780 nm on the atoms, giving a fluorescence signal only if the atom is in |g . Repeating the same sequence ∼ 100 times allows us to reconstruct the populations P ij (i, j take on the values g, r, where r stands for any of the Rydberg states p, d, and f ).
We first fix R = 8.1 µm and perform a spectroscopic measurement to find the position of the Förster resonance. Our laser system couples |gg to |dd only, and thus partly couples |gg to the states |+ and |− at resonance. For increasing values of F , we scan the laser detuning δ (defined with respect to the transition |gg to |dd , see Fig.1d ) and measure the probability P rr for both atoms to be in a Rydberg state (see Fig. 2 a) . For F = 0, we observe a single line centered at δ/(2π) ≈ −5 MHz, corresponding to the attractive van der Waals interaction between the two atoms out of resonance. For F ≈ 20 mV/cm, a repulsive branch appears in the spectrum, a signature of the interaction between |dd and | pf . Increasing the field even further allows scanning across the avoided crossing until only one peak is visible again. We reach the Förster resonance at the electric field F res = 32 ± 4 mV/cm, where we observe two symmetric peaks corresponding to |± .
We then measure the evolution of the spectra at resonance when varying the interatomic distance R. To extract the interaction energy in a simple way, we fit the spectra by two Gaussians with a splitting ∆E between the two peaks (see Fig.2b ). When increasing R, the splitting between the peaks decreases. Figure 2c shows a double-logarithmic plot of ∆E versus R. The data shows a power-law behavior of exponent −3.2±0.2, consistent with the expected C 3 /R 3 law. We measure C 3 = 2.1 ± 0.1 GHz · µm 3 , where the error bar is statistical. Systematic effects are an overall ∼ 5% uncertainty in our calibration of R, and possible residual light-shifts in the two-photon spectroscopy. Theoretical calculations 28 give C 3,th 2.54 GHz · µm 3 .
We now study the coherence properties of the system at resonance using a sequence (see Fig. 3a ) reminiscent of a pumpprobe spectroscopy experiment. We prepare the system in the state |dd using a π-pulse. In order to start in a pure |dd state, we perform the excitation in the van der Waals regime above resonance (F ≈ 64 mV/cm), where the Förster defect is ∆(F ) ≥ h × 100 MHz and where interactions are small. We then turn on the resonant interaction for a variable duration T , by switching rapidly (risetime below 10 ns) the field to F res . During this time, the two-atom system oscillates between |dd and the entangled state | pf , with a frequency f osc = ∆E/h = 2 √ 2C 3 /(hR 3 ) given by the dipolar coupling. We then apply a deexcitation π-pulse identical to the first one to read out the state of the system. The deexcitation pulse couples the |dd component of the system back to |gg . At the end of the sequence we measure the probability P gg to be back in |gg . We observe highly contrasted oscillations between |dd and | pf (see Fig. 3b ).
The oscillations between two electronic states are a direct observation of the coherent nature of the coupling underlying Förster energy transfer. We fit the oscillation by a damped sine wave to extract the oscillation frequency f osc . The damping arises from (i) shot-to-shot fluctuations (on the order of ±200 nm) in the distance R due to the finite temperature of the atoms in the tweezers, and (ii) electric field noise. Figure 3c shows a double-logarithmic plot of the values of f osc as a function of R. The data shows a powerlaw behavior of exponent −3.0 ± 0.1, again in excellent agreement with the expected R −3 behavior. The measured C 3 = 2.39 ± 0.03 GHz · µm 3 is also close to the theoretical value.
Our results open exciting prospects for real-time tuning of interactions in systems of Rydberg atoms, in particular to switch on and off Ryberg blockade on nanosecond timescales. As an illustration, in the above experiment, when switching F from 64 mV/cm (away from resonance) to 32 mV/cm (right on resonance), the blockade shift between two atoms separated by R = 10 µm varies from U = U vdW ∼ h × 0.2 MHz (van der Waals regime) up to U = ∆E/2 ∼ h × 4 MHz (C 3 /R 3 regime). If the pair of atoms initially in |gg is driven with a Rabi frequency Ω/(2π) ∼ 1 MHz, one would observe a strong blockade in the second case, while blockade would be almost totally suppressed in the first situation. This means that, simply by changing the value of the electric field by a few mV/cm, we obtain a twenty-fold enhancement of the in-teraction, and the blockade radius is increased by a factor ∼ 2 in real time, a feature hard to achieve by other means.
In conclusion, we directly observed the oscillation between the two degenerate pair states of two single Rydberg atoms at a Förster resonance, demonstrating the coherent nature of the mechanism underlying resonant energy transfer. The presence of only two atoms at a controlled distance, with well defined internal states, was fundamental to this study, as disorder in the positions of the atoms would wash out the coherent character of the interaction. A natural extension of this work will consist in measuring the angular dependence of resonant interactions 28 , in view of tailoring even further the interactions between two particles. Extending our results beyond two particles, to few-body 29 and many-body systems 15, 16, 22 , will enable the study the transport of excitations and the generation of entanglement in fully controlled many-body systems.
